Cardiac surgery has adapted to new demands and the development of new technologies has become a necessity. With this in mind, the interest in minimally invasive aortic valve replacement has grown tremendously. It is evident that the learning curve is an important consideration in the adoption of new technologies and has an impact on outcomes while it is being navigated. In this review, we discuss the process of knowledge transfer and quality control in the setting of minimally invasive aortic valve replacement.
INTRODUCTION
Cardiac surgery has undergone remarkable development over the last few decades. The improvement in techniques and care culminated in improvement in outcome. Consequently, higher risk patients are referred for cardiac surgery [1] . These patients frequently have concomitant comorbidities that are known to be associated with poor outcome, including renal and pulmonary disease [2] . The speciality had to adapt to these new demands and the development of new technologies has become a necessity. Among these technologies are transcatheter valve interventions, which quickly became integrated into current guidelines for high-risk patients [3] . With these factors in mind, the interest in minimally invasive aortic valve replacement (MIAVR) grew further [4] . It is evident that the learning curve is an important consideration in the adoption of new technologies and has an impact on outcomes while it is being navigated [5] . In this review, we discuss the process of knowledge transfer and quality control in the setting of MIAVR.
THEORIES OF MOTOR SKILL LEARNING
A neuropsychological theory of motor skill learning is based on the idea that learning grows directly out of motor control processes. These can enhance performance in 3 sub-conscious ways: selection of 3D objects for movement, arranging these objects and then converting them into muscle actions [6] . Another 'conscious' process improves enactment by either selecting more effective goals of what could be changed or by choosing and sequencing spatial targets. This theory accounts for not only configurations of impaired motor skill learning but also learningrelated changes. Another concept of relevance is that of implicit and explicit motor learning. Implicitly learnt motor skills are closely linked with minimal mindful knowledge of the movements involved and unwavering performance despite stress and fatigue. On the other hand, explicitly learnt motor skills are typically associated with cognizant knowledge of the movements and performance that tends to be less stable under stress and fatigue [7] . In a study examining the acquisition of basic surgical skills (suturing and knot-tying) in different learning conditions designed to accomplish implicit or explicit motor learning and to test multitasking objectively by motion analysis in the operating theatre [7] , the authors concluded that a surgical skill that is learned by observation alone or by observation accompanied by guidance to reduce the number of errors that are committed tends to be learned implicitly and to have stable performance during multitasking, hence implying that, at least for some skills, verbal instructions may not be necessary.
LEVELS OF HUMAN BEHAVIOUR
Although standardized virtual reality training and simulation have their proven benefits in the aviation industry, the objectives and methodology of such training in minimally invasive valve surgery are yet to be established. A study by Wentink et al. [8] in general laparoscopic surgery aimed to introduce Rasmussen's model of human behaviour as a practical outline for the characterization of training objectives, requirements and the methodology of minimally invasive surgery. This model discriminates 3 levels of human behaviour: skillbased behaviour, rule-based behaviour and knowledge-based behaviour. The training needs of a trainee in minimally invasive valve surgery should identify and address these levels that are required of such surgery. While simulation primarily targets skill-based behaviour, it may not necessarily address knowledge-based behaviour, especially when it relates to complications that occur in the real world. Addressing this would require an increase in the intricacy of training in terms of investment in time and cost.
LEARNING CURVE
Development of technologies in cardiac surgery made it both feasible and safe to perform minimally invasive valve surgery. However, together with cost, the 'learning curve' is partly responsible for the low uptake rate [9] . This effect has been demonstrated even when clinical benefit is established [10] . Additionally, it has been demonstrated that the surgeon's experience is an important factor not only in operative efficiency but also in longterm survival in standard cardiac surgical procedures [11] . These observations give the 'learning curve' the centre stage in the adoption of innovative surgical interventions. The phenomenon of 'learning curve' has been studied in different surgical specialities [12] . The main features of the 'learning curve' that have been studied are the skills level at the beginning of the curve, the rate at which learning is achieved and the attainment of desired level of competency in addition to the duration of the learning process [13] . In innovative procedures such as totally endoscopic coronary artery bypass grafting, careful handling of the 'learning curve' has been shown to be a predictor of success [5] . The implications of the 'learning curve' are even more problematic when it is protracted such as in complex interventions [14] . The effect of the 'learning curve' on outcome also extends beyond the surgeon into the institutional experience [15, 16] . It is, therefore, paramount for the 'learning curve' of the team including the surgeon, anaesthesiologist, perfusionist and scrub team to be considered as a minimally invasive cardiac surgery programme is traversed [17] [18] [19] .
Various statistical methods have been used to determine the 'learning curve' of surgical procedures including cumulative sum (CUSUM), flow interruption and learning percentage [20] [21] [22] . Each of these methods focus on limited aspects of learning ranging from outcomes of the procedure studied to mere efficiency in an operating room. It is also true that surgeons learn at a different rate depending on their level of experience, and therefore, no single methods can probably be universally applied or solely used to fully map the learning process of MIAVR. CUSUM analysis as a method of outcome measurement and quality control in cardiac surgery was first used in congenital cardiac surgery in the 1990s [23] . The largest study of the learning curve in minimally invasive cardiac surgery was reported by the Leipzig group. They used CUSUM analysis and identified a learning curve for the institution, variability among surgeons and the number of cases required to pass the learning curve in minimally invasive mitral valve repair [24] . A smaller study using the same method to evaluate a single surgeon experience with MIAVR showed no learning curve effect with comparable result to standard AVR [25] . While the results of a single surgeon may not be universally reproducible, it may suggest that MIAVR has a 'learning curve' that is less steep than its mitral counterpart. This may be explained by the fact that most surgeons have a larger experience with AVR than MV surgery. CUSUM analysis is a simple and powerful tool that allows real-time tracking of the learning curve [26] . The techniques have been developed to monitor arbitrary process for a prespecified event and have successfully been used in monitoring the operative learning curve in MIMV surgery [24] .
A CUSUM chart shows the CUSUM of defined events (complications) for given process (surgery). The 2 dashed and parallel plotted lines are the control limits of the chart marking the upper and lower boundaries. If a surgeon's chart lies within these boundaries, then there is not enough evidence allowing for a significant conclusion, thus there is still need for monitoring. If the surgeon's individual chart is crossing the upper boundary, then there is enough evidence to conclude that the rate of the prespecified complication has increased to an unacceptable rate. On the other hand, if the chart is crossing the lower boundary, one can conclude that the rate of the prespecified complication is equal or less than an acceptable event rate. Figures 1 and 2A and B demonstrate a basic control chart and unadjusted and risk-adjusted CUSUM charts respectively. For a comprehensive review of interpretation and construction of CUSUM charts in the setting of cardiac surgery, we recommend the excellent article by Rogers et al. [26] . However, it must be emphasized that control charts are an indication of the variability of the surgical processes and reflect whether these processes are stable or not (Demming theory), irrespective of the defined measured outcomes. The assumption is that stable surgical processes will eventually result in the desired quantified outcomes.
A structured training programme including surgeons, anaesthetists, perfusionist and nurses that included lectures, simulation, attending live cases performed by experienced surgeons and mentorship has been effectively used prior to the initiation of a total endoscopic robotic mitral valve repair programme. It facilitated safe delivery of care and culminated into a shorter learning curve, despite the increasing complexity [20] . Similar processes have also been used in establishing MIAVR programmes in the UK and Germany, with particular emphasis on mentorship [27] . Concurrently, technological advances lend themselves useful for minimally invasive surgery and make surgical procedures easier and more reproducible [28, 29] . In the field of MIAVR, the development of sutureless valves has facilitated the learning curve and increased its adoption by the surgical community [30] . In a study published by the group of Solinas [31] , the authors aimed to assess the learning process and quality of care of MIAVR via a right minithoracotomy with a sutureless bioprosthesis. They concluded that MIAVR with a sutureless bioprosthesis can be performed safely without learning curve effects and that CUSUM is a valuable tool to describe and monitor the learning process with this procedure by analysing and identifying periods of less-thanexpected performance and alerting the team to react.
BEYOND THE LEARNING CURVE . . . EXPERTISE
Conventionally, proficiency is judged by experience, reputation and perception. However, observed performance may not be directly proportional to greater professional experience. Essentially, there is no qualitative difference between improving pre-existing skills and learning a new relevant skill. Practical expertise is achieved by active engagement in deliberate practice, where training is focused on improving particular tasks [32] . This would be further enhanced by the provision of prompt feedback, problem-solving exercises and repetitive performance to refine dexterity. 'Deliberate practice' focuses on mastery of fundamental skills followed by focus on increasingly demanding steps [33] . Once a certain level is achieved, the goal post is moved further. This may include repeating the same exercise within a smaller aortic root or in a patient with a deep chest in a patient undergoing MIAVR. Progress can be monitored by objective measures of performance and patient outcomes, which include analysis of the preoperative preparation, analysis of surgical videos and early and long-term clinical outcomes. It has been shown that analysis of all adverse events after surgery enhances collaboration within the team and dramatically reduces adverse events.
There is remarkable association between volume of practice and performance in the field of music and athletics. In various professions, the most gifted personnel are known to require a minimum of 10 000 h before achieving proficiency. Cardiac surgical residency is usually 6 years and will probably require further training in the form of a fellowship in minimally invasive valve surgery. It would hence not be unreasonable to assume that the time to be considered an expert in MIAVR may take upto 10-15 years (including residency).
KNOWLEDGE TRANSFER
Knowledge transfer in healthcare is a complex process; there are many theories that have been developed to understand the process of knowledge transfer, some focusing on the individual while others focusing on the organization [34] . It is evident that our understanding of how these theories can be translated into practice is not yet complete [35] . However, a collaborative model of knowledge transfer is probably best suited for MIAVR [19, 36] . With regard to MIAVR, societies such as International Society of Minimally Invasive Cardiac Surgery and the British and Irish Society of Minimally Invasive Cardiac Surgery have emerged. These specialist societies aim to promote minimally invasive techniques among surgeons, and they provide a knowledge transfer platform for the cardiac surgeon and provide networking opportunities for mentoring relationship to develop. The European Association for Cardio-Thoracic Surgery (EACTS) has developed courses in minimally invasive surgery in collaboration with high-volume specialist institutions (Table 1) . A frequently applied model for MIAVR uses a combination of hands-on courses (dry and wet labs) and mentoring before embarking onto a minimally invasive programme [27] . It is worth to look at knowledge transfer beyond the own disciplines' practice. Computer science and quantitative fields have established an effective way of knowledge transfer, which spreads continuously to non-quantitative fields-the massive open online courses. These incorporated text, lecture videos and exercises in one comprehensive format. Similar and for surgery tailored approaches are still scarce. However, there are excellent platforms out, which provide the same content and only lack the course character. Examples are e-learning platforms such as the recently relaunched Multimedia Manual of Cardio-Thoracic Surgery website and the Edwards Master of Valve therapy website [37, 38] . In addition to these dedicated online resources, standard platforms such as YouTube host lots of cardiac surgeryrelated channels and videos including minimally invasive access procedures. E-learning has the potential to augment traditional knowledge transfer significantly.
SURGEONS IN TRAINING AND MINIMALLY INVASIVE AORTIC VALVE REPLACEMENT
There are many factors that play a role in the quality of training obtained by the cardiac surgeons of the future. In an analysis of 2747 AVRs from the Australian Society of Cardiac and Thoracic Surgeons database, performance of the operation by a trainee was not associated with adverse outcome [39] . A UK-based study including 205 MIAVRs, of which 36% performed by surgeons in training, proved that MIAVR can also be performed by surgeons early in their training experience [40] . Simulation has been widely adopted in medical training [41] , and in cardiac surgery, the coronary anastomosis simulation is widely recognized as tool for training, and numerous valve simulation training models are on the horizon [42, 43] . In a small study comparing medical students, who received structured simulation training on a coronary anastomosis, with senior residents, the simulation trained students achieved a degree of skill that was not far of the senior residents [44] . In minimal access valve surgery, simulation has been applied to mitral surgery and proved to be a useful tool [20] . An MIAVR simulation model would be an excellent means to facilitate learning and increase in the adoption of the technique. These are likely to come with the increase in interest in the procedure driven by patients' demand.
DATABASES OF OUTCOME REPORTING
The Society of Thoracic Surgeons (STS) and the Society of Cardiothoracic Surgeon of Great Britain and Ireland (SCTS), among others, collect nationwide data on the outcome of cardiac surgery. Indeed, there is variability in the way the data are collected. With regard to MIAVR, the STS collect data of the access, while the SCTS does not. These large databases provide a great deal of information about outcomes and trends of practice in cardiac surgery. However, the reporting of these outcomes at a surgeon level may have an impact on innovation and adoption of new technologies. In a survey of 118 surgeons, 68% felt that data reporting impedes innovation [45] . Furthermore, the reliance on annually reported outcome may fail to detect early failures; therefore, different strategies of outcomes monitoring that encourage development in the speciality are needed [46] .
CONCLUSION
MIAVR was developed to address the need of a higher risk patient population, by providing a less traumatic approach for AVR. The uptake of this technique has been primarily slow secondary to concerns over the learning curve. Platforms of knowledge transfer have been made available to surgeons with interest in delivering MIAVR to their patients. To ensure quality of care is maintained, national and local policies are in place and statistical methods are at the disposal of institutions embarking on an MIAVR.
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